L
AP is a specialized autophagy pathway linking activation of certain pattern recognition receptors (PRRs) with phagosome biogenesis 1 . LAP is a non-canonical autophagy pathway that requires assembly and activation of a unique UVRAG (UV radiation resistance associated)-containing Beclin-1-VPS34 class III PI(3)K complex for sustained PtdIns(3)P production, NOX2 complex stabilization, reactive oxygen species (ROS) release and subsequent conjugation of lipidated LC3 II on the phagosome 2 . Rubicon is a central regulator of LAP that associates with UVRAG-containing Beclin-1-VPS34 class III PI(3)K complex on the phagosome and inhibits canonical autophagy by preventing Atg14L-containing Beclin-1-VPS34 class III PI(3)K complex formation 2 . However, the signalling pathways implicated in LC3 + phagosome (LAPosome) formation upstream of Rubicon and NADPH oxidase complex activation are incompletely understood.
LAP regulates diverse physiological responses and has a prominent anti-inflammatory function under steady-state conditions [3] [4] [5] . In addition, LAP has a pivotal role in host defence against the major human fungal pathogen Aspergillus fumigatus 2, [6] [7] [8] [9] . Specifically, activation of LAP during intracellular swelling of A. fumigatus conidia promotes phagolysosomal fusion and fungal killing by monocytes/macrophages 2, [6] [7] [8] [9] . Given the importance of LAP in immunity and host defence, this pathway represents a potential target during host-pathogen interactions. Recently, we reported that Aspergillus cell wall melanin selectively inhibits LAPosome formation to promote pathogenicity and revealed that LAP blockade is a general property of melanin pigments 7 . Intriguingly, melanin disrupts NADPH oxidase assembly on the phagosome to inhibit LAP 7 . However, the precise molecular target of melanin is currently unknown.
Calcium sequestration by fungal melanin inhibits calcium-calmodulin signalling to prevent LC3-associated phagocytosis
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Because Ca 2+ is an essential second messenger for signalling and intracellular trafficking events 10 , we assessed the role of Ca 2+ signalling in LAPosome formation and explored whether melanin interferes with activation of this pathway. Herein, we identify a Ca 2+ -CaM signalling that depends on intracellular Ca 2+ sources from endoplasmic reticulum, endoplasmic reticulum-phagosome association and Ca 2+ release from the phagosome lumen, which regulates Rubicon recruitment for sustained PtdIns(3)P production, NADPH oxidase assembly and LAPosome formation. Furthermore, we provide genetic evidence on the physiological importance of Ca 2+ -CaM in development of invasive aspergillosis. Finally 11 , it was essential to look at their role in LAP, which has not been investigated yet. Immunofluorescence staining of primary human monocytes at different time points of infection with conidia of melanin-competent (wild type (WT)) or melanin-deficient (Δ pksP) A. fumigatus revealed early, transient and selective CaM localization exclusively in the phagosomes of melanin-deficient A. fumigatus conidia (Fig. 1a,b) . In addition, infection of monocytes with swollen A. fumigatus conidia, a physiological stage of growth that results in exposure of pathogen-associated molecular patterns (PAMPs) and melanin removal from the cell wall surface 7 , triggered robust CaM recruitment to the phagosome and LAPosome formation ( Supplementary Fig. 1 ). Monocyte infection following sequential genetic removal of rodlet protein RodA (Δ rodA), and melanin (Δ rodA/pksP and Δ pksP) from the A. fumigatus conidia surface precluded a significant inhibitory effect of RodA on CaM recruitment (Fig. 1c) . Genetic complementation of pksP fully restored the ability of melanin to block CaM recruitment and LAP ( Supplementary  Fig. 2 ). Furthermore, stimulation of monocytes with purified A. fumigatus melanin (melanin ghosts) completely abrogated CaM phagosome recruitment ( Supplementary Fig. 3 ). Notably, CaM recruitment to the phagosome was also induced by other PRRs activating LAP, including Fcγ R ( Supplementary Fig. 4) .
We next performed Ca 2+ depletion in monocytes, following a protocol of prolonged (1 h) incubation with EGTA because of the profound effect of cell-permeable Ca 2+ chelators (1,2-bis (o-aminophenoxy)-ethane-N,N,N′ ,N′ -tetraacetic acid acetoxymethyl ester (BAPTA-AM) or ethyleneglycol-bis(b-aminoethyl ether)-N,N′-tetraacetic acid acetoxymethyl ester (EGTA-AM)) on phagocytosis 12 , and confirmed inhibition of Ca 2+ responses ( Supplementary Fig. 5a ) and CaM recruitment to the phagosome of melanin-deficient conidia of A. fumigatus ( Supplementary Fig. 5b ). Importantly, Ca 2+ depletion following prolonged EGTA treatment prevented localization of the NADPH oxidase subunits p47phox and p22phox on the phagosome ( Supplementary Fig. 5c,d ), abrogated ROS production ( Supplementary Fig. 5e ) and inhibited LAPosome formation ( Supplementary Fig. 5f ) in monocytes stimulated with conidia of melanin-deficient A. fumigatus mutants.
Treatment of monocytes with W7, a specific CaM antagonist, resulted in impaired recruitment of Rubicon (Fig. 1d ,e) and VPS34 Class III PI(3)K ( Supplementary Fig. 6a ) to the phagosome, leading to defective PtdIns(3)P phagosomal accumulation (Fig. 1f,g ) following infection with melanin-deficient A. fumigatus conidia. In addition, inhibition of CaM signalling compromised phagosomal localization of several NADPH oxidase subunits, p40phox ( Fig. 1h and Supplementary Fig. 6b ), p47phox ( Supplementary   Fig. 6c-e) and p22phox (Fig. 1i) , and resulted in blockade in ATG7 ( Supplementary Fig. 7 ) and LC3 recruitment to the phagosome (Fig. 1j,k) . W7 treatment also blocked phagosome acidification and phagolysosomal fusion as evidenced by defective recruitment of V-ATPase ( Supplementary Fig. 8a ) and CD63 ( Supplementary Fig  8b) to the phagosome. In contrast, inhibition of phagosomal acidification with Bafilomycin had no apparent effect on CaM recruitment (Supplementary Figure 8c) .
Treatment of monocytes with a known specific calcium/calmodulin-dependent protein kinase II (CAMKII) inhibitor (KN62) abrogated A. fumigatus LAPosome formation (Fig. 1l) . Treatment of monocytes with either W7 or KN62 resulted in attenuated killing of A. fumigatus conidia (Fig. 1m,n) . In contrast, treatment of monocytes with cyclosporin A (CsA), an inhibitor of the calcium and calmodulin-dependent serine/threonine phosphatase calcineurin, had no apparent effect on LAP and killing of A. fumigatus conidia ( Supplementary Fig. 9 ), suggesting that Ca 2+ -CaM signalling regulating LAP is calcineurin-independent.
Notably, infection of monocytes with melanin-competent conidia of WT A. fumigatus paralleled the effects of inhibition of Ca 2+ -CaM signalling on Rubicon (Fig. 1d ,e) and VPS34 recruitment ( Supplementary Fig. 6a ), PtdIns(3)P accumulation (Figs. 1f,g ), NADPH oxidase assembly (Fig. 1h,i and Supplementary Fig. 6 ) and LAPosome formation (Supplementary Fig. 7 and Fig. 1j,k) . Collectively, our findings identify a Ca 2+ -CaM signalling regulating Rubicon-mediated activation of NADPH oxidase and other molecular components of LAP that is inhibited by fungal melanin.
Ca
2+ -CaM signalling depends on intracellular Ca 2+ sources from endoplasmic reticulum. Next we sought to identify the signalling requirements for CaM localization to the phagosome. Importantly, in contrast with complete Ca 2+ depletion following prolonged EGTA treatment ( Supplementary Fig. 5 ), in the absence of extracellular Ca 2+ (Ca 2+ -free media) or following brief (5 min) pre-incubation with the cell-impermeable Ca 2+ chelator EGTA, both CaM localization ( Fig. 2a) and LAPosome formation (Fig. 2b ) remained intact in monocytes stimulated with melanin-deficient A. fumigatus. In contrast, depletion of intracellular Ca 2+ with the use of EGTA-AM, which was added to culture media at 10 min of infection with melanin-deficient A. fumigatus to allow phagocytosis, inhibited CaM recruitment (Fig. 2c) and LAP (Fig. 2d) .
Furthermore, depletion of endoplasmic reticulum Ca 2+ stores following pretreatment with thapsigargin, a sarco/endoplasmic reticulum Ca 2+ ATPase (SERCA) inhibitor 13 , abrogated CaM recruitment to the phagosome (Fig. 2e ) and LAPosome formation (Fig. 2f) . Notably, treatment of monocytes in Ca 2+ -free media with increasing concentrations of lanthanum (LaCl 3 ), a general Ca 2+ channel inhibitor, resulted in dose-dependent inhibition of CaM (Fig. 2g) and LAP (Fig. 2h) . These findings suggest that Ca 2+ is released through Ca 2+ channels on the phagosome and that the endoplasmic reticulum regulates CaM recruitment to the phagosome and LAPosome formation.
Pharmacologically enforced cytosolic Ca 2+ flux in monocytes/ macrophages reverses phagosome maturation arrest induced by bacterial pathogens [14] [15] [16] . Therefore, we evaluated whether treatment with the Ca 2+ ionophore ionomycin could enhance CaM recruitment to the phagosome of melanized conidia of A. fumigatus. Of interest, purified Aspergillus melanin did not impair Ca 2+ flux triggered by ionomycin ( Supplementary Fig. 10 ). However, cytosolic Ca 2+ increase upon treatment with ionomycin either before or after monocyte infection with WT (melanin-competent) conidia of A. fumigatus failed to enhance CaM recruitment to the phagosome (Fig. 2i) , implying that Ca 2+ release from the endoplasmic reticulum to the peri-phagosomal area is not sufficient to trigger CaM recruitment. 
+ (i) and LC3 + (k,l) phagosomes are presented as mean ± s.e.m. of three independent experiments. Representative immunofluorescent staining for Rubicon (e), PtdIns(3)P (g) and LC3 (j) are shown. ***P < 0.0001, **P < 0.001, *P < 0.01 two-tailed unpaired Student's t-test. Scale bars, 6 μ m. m,n, Human monocytes were infected with either WT (m) or Δ pksP (n) conidia at a MOI of 1:10 (fungus:cell) with or without treatment with either W7 (25 μM) or KN62 (10 μM), both added 10 min after infection. Killing of conidia was assessed by colony-forming unit (CFU) counts at 24 h. Data are presented as mean ± s.e.m. of one out of four independent experiments performed in triplicate (n = 3). ***P < 0.0001, **P < 0.001, one-way ANOVA and Dunnett's multiple comparisons post hoc test.
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In line to these findings, we found no differences in degree and kinetics of association of calnexin, a representative endoplasmic reticulum protein, with A. fumigatus phagosomes containing either melanin-competent (WT) or melanin-deficient (Δ pksP) conidia ( Supplementary Fig. 11 ). In addition, electron microscopy studies revealed a significant and comparable degree of interaction of endoplasmic reticulum membranes with phagosomes containing either WT or Δ pksP conidia, which was more pronounced at early time points of monocyte infection (Fig. 2j-l) .
Collectively, these studies demonstrate that intracellular Ca -free medium. Depletion of extracellular Ca 2+ was performed just before infection with the cell-impermeable chelator EGTA (500 μM). Depletion of intracellular Ca 2+ was performed by cell-permeable chelator (EGTA-AM 500 μM) added 10 min after infection to allow phagocytosis. In certain experiments W7 (25 μ M ) or ionomycin (1 μ M) were added 10 min post infection; TG was added 30 min before infection and LaCl 3 2+ ionophore (ionomycin) added either before or after the infection presented as mean ± s.e.m. of three independent experiments analysed by oneway ANOVA and Tukey's multiple comparisons post hoc test ***P < 0.0001,**P < 0.001, *P < 0,01. j, TEM (representative of one out of three experiments repeated independently with similar results) on endoplasmic reticulum-phagosome contact following 15 min of infection of monocytes with melanincompetent or melanin-deficient conidia of A. fumigatus. Asterisks indicate endoplasmic reticulum-phagosome membrane contact sites (MCS). k,l, Quantitative analysis of endoplasmic reticulum-phagosome MCS at 15 min and 120 min of infection of monocytes with the indicated A. fumigatus strain, assessed by TEM. Data are presented as mean ± s.e.m. of pooled data from three independent experiments including four experimental conditions (WT 15 min, n = 83 phagosomes; WT 120 min, n = 76 phagosomes; Δ pksP 15 min n = 49 phagosomes; Δ pksP 120 min, n = 61 phagosomes) analysed by the two-tailed unpaired Student's t-test or one-way ANOVA and Tukey's multiple comparisons post hoc test. ***P < 0.0001.
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sources from the endoplasmic reticulum and endoplasmic reticulum-phagosome communication regulate CaM recruitment. In addition, these findings suggest that melanin does not interfere with endoplasmic reticulum-phagosome association and endoplasmic reticulum Ca 2+ release.
Ca
2+ release from the phagosome lumen regulates CaM recruitment and LAP. To investigate the role of Ca 2+ release from the phagosome lumen on LAP, we performed selective Ca 2+ chelation inside the phagosome of monocytes upon phagocytosis of magnetic beads containing stably conjugated EDTA on their surface (EDTA-coated beads) or control magnetic beads (Fig. 3a) . Importantly, flow cytometry analysis on isolated phagosomes from bone marrow derived macrophages (BMDMs) obtained from green fluorescent protein (GFP)-LC3 mice following stimulation with EDTA-coated beads or control beads demonstrated almost complete inhibition of GFP-LC3 accumulation to phagosomes containing EDTA-coated beads (Fig. 3b,c ). In line with these findings, CaM recruitment was significantly impaired in EDTA-coated magnetic bead phagosomes as compared to the control magnetic bead phagosomes (Fig. 3d ). These findings demonstrate that Ca 2+ release from the phagosome lumen to the peri-phagosomal area is required for activation of CaM signalling regulating LAP.
Fungal melanin blocks early Ca
2+ signalling events regulating phagosome biogenesis. In order to understand the mechanism of interference of fungal melanin with Ca 2+ responses we performed live Ca 2+ imaging studies in primary human monocytes preloaded with the Ca 2+ indicator Fluo4-AM and subsequently stimulated with melanin-competent or melanin-deficient A. fumigatus strains. We found that phagocytosis of melanin-competent conidia of A. fumigatus triggered low-amplitude Ca 2+ spikes of short duration, but failed to activate sustained cytosolic Ca 2+ flux ( In addition, we found significantly (about twofold) higher percentage of peri-phagosomal Ca 2+ hotspots (rings) surrounding the phagosomes of melanin-deficient (Δ rodA/pksP) than melanincompetent (Ku80, Δ rodA) conidia of A. fumigatus, whereas sustained peri-phagosomal Ca 2+ accumulation almost exclusively occurred in phagosomes of Δ rodA/pksP conidia (Fig. 4d ,e and Supplementary Video 4).
To extend these findings further, we measured the labile (EDTA extractable) Ca 2+ content of isolated phagosomes containing conidia of melanin-competent (WT) or the melanin-deficient (albino) ΔpksP isogenic mutant at different time points of infection by ICP-MS, which is indicative of the Ca 2+ amount present in Ca 2+ -binding proteins on the cytosolic site of the phagosome membrane 17 . Notably, we found a discordant response characterized by a sharp increase of labile Ca 2+ in phagosomes containing melanin-deficient (Δ pksP) conidia as opposite to a significant decrease in labile Ca + phagosomes from experiments performed in b. Each symbol represents an independent experiment (n = 3) and horizontal bars represent the mean. ***P < 0.0001, two-tailed unpaired Student's t-test. d, Data on quantification of CaM + phagosomes from BMDMs stimulated as in b and analysed with confocal microscopy presented as mean ± s.e.m. of three independent experiments. **P < 0.001, two-tailed unpaired Student's t-test.
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Ca
2+ sequestration inside the phagosome by melanin blocks CaM recruitment and LAP. We next assessed whether Ca 2+ sequestration inside the phagosome abrogates CaM recruitment by inhibiting luminal Ca 2+ release to the peri-phagosomal area. We initially 
ΔrodA/pksP Data were analysed by one-way ANOVA and Tukey's multiple comparisons post hoc test ***P < 0.0001. e, Data on quantification of the percentages of peri-phagosomal Ca 2+ rings are presented as mean ± s.e.m. of pooled data from videos (n = 3 per condition) of two independent experiments performed with similar results, analysed by one-way ANOVA and Dunnett's multiple comparisons post hoc test ***P < 0.0001, **P < 0.001. f, Accumulation of labile Ca 2+ in phagosomes isolated at the indicated time point from human monocytes obtained from three different healthy individuals and infected with melanin-competent or melanin-deficient A. fumigatus strain. Ca 2+ was extracted from phagosomes with a cell membrane impermeable chelator and measurement was performed by inductively coupled plasma mass spectrometry (ICP-MS). ***P < 0.0001, two-tailed unpaired Student's t-test. Scale bars, 6 μ m.
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NATuRe MiCRObiOLOgy compared Ca 2+ binding properties of melanin-competent (WT) versus melanin-deficient (albino; Δ pksP) conidia and found that melanized conidia had a significantly (about tenfold) higher ability to sequester Ca 2+ than the albino conidia, with the latter lacking appreciable Ca 2+ scavenging properties even on exposure to a supra-physiological concentration of Ca 2+ (Fig. 5a ). In addition, we evaluated Ca 2+ sequestration over time inside phagosomes isolated from human monocytes infected with either WT or Δ pksP conidia in the absence of extracellular Ca 2+ . We found significant and selective accumulation of Ca 2+ inside the phagosomes of WT conidia over time (120 min versus 15 min of infection), as opposite to the decrease of Ca 2+ content of Δ pksP-containing phagosomes over time (Fig. 5b) .
In order to provide further physiological evidence on the ability of Ca 2+ sequestration by Aspergillus conidia to inhibit LAP, we coated PFA-inactivated melanin-deficient (Δ pksP) conidia with polyethylenimine (PEI), a polymer used as a linker for covalent linking of a cell-impermeable chelator (DTPA) on the conidial surface (Fig. 5c) . We confirmed that both DTPA-PEI-coated Δ pksP conidia (hereafter DTPA-Δ pksP conidia) and melanized (WT) conidia had strong and comparable Ca 2+ chelating properties as opposed to control (Δ pksP) conidia (Fig. 5d) . Notably, the coating of Δ pksP conidia with PEI linked or not to DTPA did not interfere with pro-inflammatory cytokine production by monocytes (Fig. 5e) . Stimulation of human monocytes with DTPA-Δ pksP conidia almost completely abolished CaM localization to the phagosome (Fig. 5f,g ), p47phox recruitment ( Supplementary Fig. 12 ) and LAPosome (Fig. 5h,i ) formation when compared with stimulation with control (Δ pksP or PEI-coated Δ pksP) conidia, at levels similar to that observed upon stimulation with melanin-competent (WT) conidia. These studies demonstrate that Ca 2+ sequestration induced by fungal melanin inside the phagosome lumen is the predominant mechanism of inhibition of Ca 2+ -CaM signalling regulating LAP (Supplementary Fig. 13 ).
Impaired Ca
2+
-CaM signalling results in heightened susceptibility for invasive Aspergillosis in haematopoietic stem-cell transplant recipients. Taken together, our data suggested that Ca 2+ -CaM signalling could play a key role in immunity to infection with Aspergillus. Therefore, we next explored the role of this pathway in humans. A functional single nucleotide polymorphism (SNP) in the core promoter of the calmodulin I gene (rs12885713) was reported to decrease transcription in vitro and in vivo 18 . Remarkably, we found a highly significant association between this SNP (CALM1 CC recipient genotype) and the risk of aspergillosis (Fig. 6 ) in a cohort of haematopoietic stem-cell transplant recipients 19 . In a multivariate model accounting for clinical variables associated with or tending towards invasive aspergillosis in our cohort, the only independent predictors of invasive aspergillosis were severe acute graftversus-host disease (HR 2.24, 95% CI 1.14-4.93; P = 0.012) and the CC recipient genotype at rs12885713 on CALM1 (HR 2.2, 95% CI 1.08-4.87; P = 0.024) (Supplementary Table 1 ). The CALM1 CC recipient genotype had no impact in overall survival ( Supplementary  Fig. 14a ) and did not affect lung cytokine responses measured in the bronchoalveolar lavage of available patients (Supplementary Fig.  14b ). Although the functional significance of CALM1 CC genotype on recipient antifungal host defence requires further exploitation, these data suggest a pathogenetic role for impaired Ca 2+ -CaM signalling in human fungal disease.
Discussion
LAP is a non-canonical autophagy pathway with central role in host defence against an expanding list of other human pathogens 2, 3, 7, 8, [20] [21] [22] . The signalling regulating LAP is distinct than that of general (macro) autophagy and has not been fully elucidated 1, 2 . 31, 32 , the role of Ca 2+ -CaM signalling on regulation of NADPH oxidase assembly has not been previously explored. Stabilization of NADPH oxidase complex on the phagosome is regulated by Rubicon-dependent activation of VPS34 class III PI(3)K via sustained PtdIns(3)P production and direct interaction with the PX [PtdIns(3)P binding] domain of p40phox subunit 2 . In addition, Rubicon directly interacts with p22phox subunit and facilitates NADPH oxidase activation during phagocytosis of zymosan, a physiological ligand of PRRs prepared from yeast cell wall 33 . Herein, we found that Ca 2+ -CaM signalling is an upstream regulator of Rubicon-VPS34 class III PI(3)K phagosomal localization, PtdIns(3)P production, NADPH oxidase activation and LAP ( Supplementary Fig. 13 ). These findings provide insight on the mechanisms of melanin-induced inhibition of NADPH oxidase assembly and pave the way for future studies on identification and in vivo validation of the molecular components of Ca 2+ -CaM signalling regulating LAP upstream of Rubicon.
It is plausible that during the complex and dynamic process of phagosome biogenesis communication of the phagosome with intracellular Ca 2+ sources other than the endoplasmic reticulum, and/or endoplasmic reticulum-mitochondria communication 34 ( Supplementary Fig. 15 ) could amplify Ca 2+ responses on the phagosome 35 . In addition, despite the dispensable role of store-operated Ca 2+ entry in phagosome functions of monocytes/macrophages 36 , identification of the full spectrum of Ca 2+ channels mediating endoplasmic reticulum-phagosome communication and peri-phagosomal Ca 2+ release should be an important future direction. Other than regulating pathogen killing, activation of LAP in macrophages and dendritic cells has an important anti-inflammatory function both at the steady state and during A. fumigatus infection [3] [4] [5] 8, 9 . Ca 2+ signalling in resident myeloid cells also orchestrate inflammatory responses in the lung 37, 38 . Therefore, it is tempting to speculate that Ca 2+ -dependent activation of LAP is involved in regulation of inflammation and immunity in the lung.
Melanins are ubiquitous, heterogeneous macromolecules of incompletely characterized composition, structure [39] [40] [41] . Metal chelation is a common characteristic of melanins and Ca 2+ sequestration has been described in all melanized tissues of the human body [40] [41] [42] [43] [44] [45] [46] [47] . However, no clear biological function of the Ca 2+ binding properties of melanin has been previously described. Our study links Ca 2+ chelating properties of melanins with immunomodulation, and provides mechanistic explanation on the common ability of these molecules to target the LAP pathway. Future studies should also explore the role of metal binding properties of melanin on the function of Ca 2+ channels and other divalent cation transporters.
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From the pathogen perspective, it would be interesting to explore the effect of metal binding by cell wall melanin on activation of Ca 2+ signalling pathways regulation proliferation and survival of the fungus during infection (Supplementary Fig. 16 ).
Importantly, inhibition of Ca 2+ signalling responses during phagocytosis is a well-defined virulence strategy of intracellular pathogens [14] [15] [16] 24, 48, 49 . Furthermore, certain Ca 2+ -binding proteins of bacterial and fungal pathogens act as virulence factors 50, 51 . However, sequestration at 120 min of infection was normalized to the phagosome Ca 2+ content present at 15 min of infection. Mean values are represented with horizontal bars. *P < 0,01 two-tailed unpaired Student's t-test. c, Schematic illustration of the electrostatic coating of Δ pksP conidia with polyethylenimine (PEI) (1), followed by the covalent linking of the Ca 2+ chelator DTPA to PEI using EDC/NHS (2). d, Data on quantification of Ca 2+ binding capacity of the indicated conidia of A. fumigatus measured as in a, presented as mean ± s.e.m. of four independent experiments. ***P < 0.0001, two-tailed unpaired Student's t-test. e, Cytokine production following overnight stimulation of human monocytes (10 5 per condition) with the indicated conidia presented as mean ± s.e.m. of three independent experiments. f-i, Data on quantification of CaM + (f,g) and LC3 + (h,i) phagosomes in monocytes stimulated in Ca 2+ -free media with the indicated A. fumigatus conidia and analysed by confocal imaging are presented as mean ± s.e.m. of three independent experiments. Representative images of CaM (g) and LC3 (i) recruitment are shown. ***P < 0.0001,**P < 0.001, two-tailed unpaired Student's t-test. Scale bars, 4 μ m.
Articles
NATuRe MiCRObiOLOgy our study is the first to directly demonstrate that Ca 2+ sequestration by a microbial factor inside the phagosome inhibits essential phagocyte effector functions to promote virulence. In addition, it would be important to explore the immunomodulatory role of melanin on macrophage Ca 2+ responses and LAP during the process of wound healing, malignancy and chronic inflammation [52] [53] [54] [55] . Collectively, our work identifies an antifungal host defence pathway regulated by Ca 2+ -CaM signalling and reveals that Ca 2+ sequestration by melanin has an important pathogenetic role in development of fungal diseases. In view of the physiological importance of both melanins and the LAP pathway in humans, our findings have broader implications in the pathogenesis of diseases beyond fungal infections. For the ICP-MS quantification of Ca 2+ the following reagents were used: trace metal grade nitric acid, trace metal grade hydrogen peroxide 30% (Fisher Scientific). The calcium standard and a mixture of scandium, indium, yttrium and bismuth were from High-Purity Standards.
Methods
Reagents
Microorganisms and culture conditions. All A. fumigatus strains used (Δ pksP and the isogenic WT strain ATCC46645; Δ rodA, Δ rodA/pksP generated on the Ku80 background) have been described previously 7 ; generation of the Δ pksP mutant on the Ku80 background was performed with the 4813 bp DNA construct, already described for the double mutant Δ rodA/pksP 7 . Transformation was performed by electroporation on conidia of the CEA17_Δ akuB KU80 parental strain ( Supplementary Fig. 17) . A. fumigatus B-5233 (WT parental strain), B-5233/RGD12-8 (Δ pksP) and RGD12-8/PKS33-3 (pksP-complemented) strains were used in studies on pksP complementation 56 All strains were grown on YAG agar plates for 3 days at 37 °C. Fungal conidia (spores) were harvested by gentle shaking in the presence of sterile 0.1% Tween 20 in PBS, washed twice with PBS, filtered through a 40-μ m-pore cell strainer (Falcon) to separate conidia from contaminating mycelium, counted by a haemocytometer, and suspended at a concentration of 10 8 spores ml −1 . When indicated, the conidia were labelled with FITC or Alexa 647 succinic ester dye (Invitrogen) as previously described 6, 7 . Briefly, freshly harvested conidia (5 × 10 7 per 2 ml of 50 mM Na carbonate buffer, pH 10.2) were incubated with FITC (final concentration, 0.1 mg ml A. fumigatus melanin extraction. The isolation of melanin from wild-type (Ku80) conidia was performed as previously described 7 . Briefly, conidia were treated with a combination of proteolytic (proteinase K; Sigma) and glycohydrolytic (Glucanex; Novo) enzymes, denaturant (guanidine thiocyanate) and hot, concentrated HCl (6 M). This treatment resulted in an electron-dense layer similar in size and shape to the original conidial melanin layer without underlying cell components, for which reason these electron-dense materials were called 'melanin ghosts' .
Isolation and stimulation of primary human monocytes. Healthy volunteers without any known infectious or inflammatory disorders donated blood. Monocytes from healthy controls were isolated from PBMCs using magnetic bead separation with anti-CD14 coated beads (MACS Miltenyi) according to the protocol supplemented by the manufacturer. The monocytes were resuspended in RPMI culture medium supplemented with gentamicin 1%, L-glutamine 1% and pyruvate 1%. The cells were counted in a Bürker counting chamber, and their number was adjusted to 2 × 10 6 ml −1
. A total of 1 × 10 5 monocytes per condition in a final volume of 200 μ l were allowed to adhere to polylysine treated glass coverslips (Ø 12 mm) for 1 h followed by stimulation with A. fumigatus conidia at a multiplicity of infection (MOI) of 3:1 at 37 °C for the indicated time point. After stimulation, cells were washed twice with PBS to remove medium and non-phagocytosed spores and cells were fixed on the coverslips for 15 min in 4% paraformaldehyde. Subsequently the coverslips were washed with PBS followed by a fixation in ice cold methanol for 10 min at − 20 °C after which cover slips will be stored in PBS at 4 °C until immunofluorescence staining.
Immunofluorescence staining. For immunofluorescence imaging, cells were seeded on coverslips pretreated with polylysine, fixed with 4% PFA for 15 min in room temperature following by 10 min of fixation with ice cold methanol at − 20 °C, washed twice with PBS, permeabilized by using 0.1% saponin (SigmaAldrich), blocked for 30 min in PBS-BSA (PBS + 2% BSA), incubated for 1 h with the indicated primary antibody, washed twice in PBS-BSA, stained by the appropriate secondary AlexaFluor secondary Ab (Molecular Probes), followed by DNA staining with 10 µ M TOPRO-3 iodide (642/661; Invitrogen). After the washing steps, slides were mounted in Prolong Gold antifade media (Molecular Probes). Images were acquired using a laser-scanning spectral confocal microscope (TCS SP2; Leica), LCS Lite software (Leica), and a 40× Apochromat 1.25 NA oil objective using identical gain settings. A low fluorescence immersion oil (11513859; Leica) was used, and imaging was performed at room temperature. Serial confocal sections at 0.5 μ m steps within a z-stack spanning a total thickness of 10-12 μ m of the cell were taken and three-dimensional images were generated using the LCS Lite software to assess for internalized conidia contained within phagosomes. Unless otherwise stated, mean projections of image stacks were obtained using the LCS Lite software and processed with Adobe Photoshop CS2. Cumulative incidence of invasive aspergillosis (IA) and overall survival estimate at 36 months after haematopoietic stem cell transplantation according to CALM1 CC genotype in donor and recipient. The probability of invasive pulmonary aspergillosis according to CALM1 genotypes was determined using the cumulative incidence method and compared using Gray's test (two-tailed). Cumulative incidences of infection were computed with the cmprsk package for R version 2.10.1, with censoring of data at the date of last follow-up visit and relapse and death as competing events.
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Phagosomes surrounded by a rim of fluorescence of the indicated protein marker were scored as positive, according to established protocols in our laboratory. At least 200 phagosomes were analysed for each experimental condition in three independent experiments. Ca 2+ live imaging. Primary human monocytes were loaded with the calcium indicator FLUO-4-AM (5 μ M final concentration, Invitrogen) according to the manufacturer protocols. Briefly, monocytes were placed in serum free HBSS (without Ca   2+ , without red phenol, 1 mM MgCl 2 , 20 mM Hepes) and loaded with FLUO-4 AM in the presence of 0.02% pluronic acid for 30 min at room temperature. Then, cells were washed three times with ice cold PBS, counted and seeded in chambers for live imaging (627870 Greiner) in HBSS (without red phenol, 2 mM CaCl 2 , 1 mM MgCl 2 , 20 mM Hepes). After adhesion of the cells, infections with the indicated A. fumigatus strain or A. fumigatus purified melanin were performed just before live imaging followed by treatment with appropriate inhibitors. Acquisition was performed in SP8 Lieca converted microscope with 40× Apochromat 1.25 NA water objective using identical imaging setting and highspeed live imaging with the use of resonant scanner.
Measurement of ROS production. ROS measurements were performed by means of a dichlorofluorescein assay 6, 7 . Stock solution of dichlorofluorescein diacetate (DCFH-DA) were dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 100 mM. Human monocytes (2 × 10 5 per well) were plated on 96-well round bottom plates, incubated at 37 °C for 30 min and stimulated for 1 h with A. fumigatus conidia of the indicated strain in the presence of DCFH-DA added to a final concentration of 10 μ M during the last 30 min. After 30 min of exposure, the content of the wells was transferred to vials and the fluorescence of the cells from each well measured by flow cytometry. Cells were acquired on a FACSCalibur (BD Biosciences) and analysed using FlowJo software (Tree Star).
Generation of murine BMDMS. C57BL/6 mice obtained from the IMBB Institute (Crete), and GFP-LC3 mice (obtained from RIKEN BioResource Center) were maintained in grouped cages in a high-efficiency particulate air-filtered environmentally controlled virus-free facility (24 °C, 12/12 h light/dark cycle), and fed a standard chow diet and water ad libitum. All experiments were approved by the local ethics committee of the University of Crete Medical School, Greece, in line with the corresponding National and European Union legislation.
BMDMs were generated by culturing BM cells obtained from 8-week-old female mice in DMEM, supplemented with L929 cell-conditioned medium (30%). The resulting cultures consisted of macrophages (> 95% purity), as determined by staining for F4/80 and flow cytometry.
Isolation protocol of Aspergillus-containing phagosomes. We used an established protocol for isolation of phagosomes from primary monocytes stimulated with A. fumigatus conidia 7 . For measurement of Ca 2+ sequestration inside the phagosome, monocytes (1 × 10 7 per condition) were stimulated in zero (0) Ca 2+ conditions in 6 well plates with conidia of the indicated A. fumigatus strain at a MOI of 1:10 on ice for 30 min to synchronize phagocytosis and then allowed to phagocytose for different time points at 37 °C. Next, cells were washed three times with PBS, scraped with rubber policeman and centrifuged at 200g for 5 min at 4 °C. Cell pellets were resuspended in 1 ml of homogenization buffer (250 mM Sucrose, 3 mM Imidazole, pH 7.4) containing a protease inhibitor mixture without EDTA (Thermo) and cell lysis was performed on ice by passing the cell suspensions 60 times through a 28G syringe needle. Cell breakage was checked with microscopic observation and the homogenates were incubated with 10 mM ATP for 15 min with rotation in cold room in order to release the rigor mortis actin-myosin interaction. Afterwards the homogenates containing fungal phagosomes were layered over 500 μ l Ficoll and centrifuged at 560g for 20 min. After centrifugation the pelleted conidia containing phagosomes were washed twice with PBS, phagosomes were counted and adjusted in equal numbers (5 × 10 7 phagosomes per condition) and used for ICP-MS.
For isolation of magnetic bead-containing phagosomes we followed the protocol described above and the final step of phagosome isolation was performed with magnetic isolation. Western blot analysis. Human monocytes were stimulated with PFA killed Aspergillus fumigatus conidia or magnetic beads for the indicated time points at a MOI 10:1. Cells were washed once in PBS prior to lysis in 1% NP-40 containing RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.25% sodium deoxycholate, 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF plus a mixture of protease inhibitors (Roche Molecular Biochemicals)). Cell lysis was performed on ice for 20 min and samples were centrifuged. After protein estimation of supernatants, addition of SDS sample buffer and boiling, samples were separated on SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. Western blotting was performed according to the instructions of the manufacturer using the indicated primary and secondary antibodies. The blots were developed using chemiluminescence (Luminata, Millipore). WB analysis will be similarly performed in phagosome protein extracts.
Endoplasmic reticulum
Measurement of cytokines.
Supernatants of stimulated human monocytes were collected after overnight culture. Cytokine levels in the supernatants were determined by using ELISA kits for human IL-1β , IL-6 and TNF (eBioscience) according to the manufacturer's instructions.
RNA extraction and qPCR. RNA from A. fumigatus Δ Ku80 and Δ pksP was isolated at different time points after infection of human monocytes using 400 µ l AE buffer pH 5.0 (50 mM sodium acetate, 10 mM EDTA), 40 µ l SDS 10% (w/v) and 400 µ l acidic phenol pH 4.5), and disruption with 0.5 mm silica beads in a Bead Beater apparatus at high-speed setting (5 pulses of 4 m s -1 for 20 s). To guarantee conidial lysis, the cellular suspension was warmed up at 65 °C for 5 min and frozen at − 80 °C for at least 15 min. The colourless upper aqueous phase (containing RNA) obtained upon centrifugation at 12,000g (10 min at RT) was collected and mixed with 0.1 volume of sodium acetate pH 5.2 and 2 volumes of cold ethanol 70% (v/v). After centrifugation, the RNA pellet was washed with cold ethanol 70% (v/v) and centrifuged again at 7,500g (5 min). The air-dried RNA pellet was dissolved with RNAse-free water, and the quantity and quality of the extracted RNA were assessed by determining the A260 nm/A280 nm ratio (NanoDrop), as well as by electrophoresis in a 1.5% agarose gel for the presence of intact 18S and 28S ribosomal RNA bands by UV transillumination.
Relative mRNA expression levels of CrzA1 were determined by qRT-PCR. One microgram of total RNA was reverse transcribed using cDNA Reverse Transcription Kit (NZYTech). Real-time RT-PCR was performed in an Applied Biosystems 7500 Fast PCR system (Thermo Fisher) using PowerUp SYBR Green Master Mix (Applied Biosystems). PCR primers for CrzA1 were: sense, 5′ -CGACTTCTCCGCAGATCTCC-3′ and antisense, 5′ -CTGCCAGTCAGGATGTGTGT-3′ . The thermal profile was 50 °C for 2 min for uracil-DNA glycosylase activation, 95 °C for 2 min followed by 40 cycles of denaturation for 3 s at 95 °C, and an annealing/extension step of 30 s at 60 °C. Amplification efficiencies were validated, and the expression of the target gene value was normalized against the expression of the β -tubulin gene. Gene expression was calculated using 2 -ΔΔCT method relative to the unstimulated sample.
Killing of A. fumigatus by primary human monocytes. Primary human monocytes (2 × 10 5 per well) were plated onto 96-well round bottom plates for 1 h, and subsequently infected with the indicated A. fumigatus strain at a MOI of 1:10 (conidia: monocyte ratio) for 1 h at 37 °C with or without the presence of CaM antagonist W7 (25 µM), CAM KII inhibitor KN62 (10 µ M), or Cyclosporin A (CsA; 1000 ng ml -1 ), all added 10 min post infection. Medium containing non-adherent, non-phagocytosed conidia was removed, wells were washed three times using warm PBS, and new media with or without the presence of the corresponding inhibitor were added. Monocytes were then allowed to kill conidia for 24 h before intracellular conidia were harvested by lysis of monocytes with 0.5% Triton-X. The process of cellular lysis was confirmed by light microscopy and killing of A. fumigatus conidia was assessed by c.f.u. plating. Each condition was performed in quadruplicate with monocytes obtained from 4 different donors.
Transmission electron microscopy. Primary human monocytes were stimulated on Melinex coverslips (Agar Scientific), fixed with 2.5% glutaraldeyde, in 0.09 M sodium cacodylate buffer (SCB), pH 7.2, containing 3 mM Ca 2 Cl for 30 min (RT), and washed with 0.1 M SCB 3 × 10 min. The obtained monolayers were post-fixed in cacodylate-buffered 1% OsO 4 for 2 h, dehydrated and embedded in Epon 812 (Merck). An ultratome (Leica, Reichert Ultracuts) was used to cut ultrathin sections, which were contrasted with 4% uranyl acetate for 45 min and lead citrate for 4 min at room temperature. Finally, the sections were examined using a Jeol 1200 EX2 electron microscope (JEOL, Tokyo, Japan). Quantification of endoplasmic reticulum-phagosome membrane contact sites (MCS) was conducted in single-blind and performed manually. MCS were defined as areas where the endoplasmic reticulum was < 30 nm away from the phagosomal membrane, as previously described 27[,29 . Phagosome cross-sections smaller than 1.5 µ m in diameter were excluded from the analysis to avoid any under-sampling bias of phagosomal membranes. Briefly, Aspergillus-containing phagosomes were reconstituted in 500 ml of deionized water and enumerated using a haemocytometer. Equal amounts of phagosomes were subjected to 5 s sonication followed by incubation with the cell membrane impermeable chelator EDTA for extraction of the labile Ca 2+ fraction. Next, phagosomes were sonicated for 30 min and processed by an acid digestion protocol with trace metal grade nitric acid and trace metal grade hydrogen peroxide in a heating bath at 130 °C, and further dilution with doubly deionized water. Scandium was used to quantify Ca 2+ by the external calibration method with an Agilent 8800 ICP-MS as previously described 17 .
Linking of DTPA to PEI-coated conidia. To coat Δ pksP conidia with PEI, the conidia were added to the polymer solution (1 mg ml -1 , pH 5.5). The PEI solution was prepared by dissolving a known amount of the polymer in water and then adjusting its pH to 5.5 with a HCl solution. The mixture was left under stirring during at least 2 h, at room temperature. After washing the conidia twice with ultra-pure water using Vivaspin 300 kD Filter Units (Fisher Scientific), it was performed the covalent linking of DTPA to PEI. First, DTPA was activated using a mixture of EDC:NHS (50 mM:200 mM) 57 dissolved in 0.1 M MES buffer (pH 4.7) for 15 min at room temperature. Afterwards, PEI-coated conidia were incubated overnight at 4 °C with an extra amount of the activated DTPA. After this period of time, conidia were washed as described before.
Zeta-potential measurements. Zeta-potential values were obtained by laser Doppler electrophoresis. The measurements were performed in disposable folded capillary cells, at 25.0 ± 0.1 °C, in a Zetasizer Nano ZS equipment (Malvern Instruments). The electrostatic interaction of the polymer to the conidia was performed to pH 5.5, since PEI at this pH value has a strong positive charge (+ 49.0 + 1.3 mV) and non-modified Δ pksP present a negative charge at the same pH, − 16.7 + 1.2 mV. The PEI coating as well as the binding of DTPA to PEI was confirmed by zeta-potential measurements (Supplementary Table 2 ). As can be observed from Supplementary Table 2, the Δ pksP and WT conidia present a negative charge (as already demonstrated in ref. 58 ), which change to positive with PEI adsorption. This change in the surface electric charge of the conidia represents a good parameter to evaluate the polymer electrostatic interaction with conidia. Indeed, as PEI presents a positive charge, it is expected that its adsorption to the conidia surface will result in a positive charge.
The linking of DTPA at the surface of conidia was performed using PEI amino groups and an ethyl(dimethylaminopropyl) carbodiimide (EDC)/Nhydroxysuccinimide (NHS) solution. The covalent coupling of this metal chelating agent was verified by a change in the charge of the PEI-coated conidia, since this ethylenediaminetatraacetic acid (EDTA) like ligand have a negative charge at pH 7. The Ca 2+ chelating properties of DTPA-PEI-coated Δ pksP conidia were validated via ion chromatography analysis. Genomic DNA was isolated from whole blood using the QIAcube automated system (Qiagen). Genotyping of the rs12885713 SNP in the CALM1 gene was performed using KASPar assays (LGC Genomics) in an Applied Biosystems 7500 Fast PCR system (Thermo Fisher).
Statistical analysis. The data were expressed as means ± s.e.m. Statistical significance of differences were determined by two-tailed Student's t-test and one-way ANOVA with the indicated post hoc test for multiple comparisons. (P < 0.05 was considered statistically significant). Analysis was done in GraphPad Prism software. The probability of invasive aspergillosis resulting from CALM1 rs12885713 genotypes was analysed using the cumulative incidence method and compared using Gray's test 19, 60 . Cumulative incidences were computed with the cmprsk package for R version 2.10.1, with censoring of data at the date of last follow-up visit and defining relapse and death as competing events 60 . A period of 24 months after transplant was chosen to include all cases of fungal infection.
Reporting Summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
Data availability. All the data that support the findings of this study are available from the corresponding author upon reasonable request.
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